We investigate the choice of the renormalization and factorization scales for the production of squarks and gluinos at the Fermilab Tevatron collider as a function of the produced sparticle masses. We determine a scale to be used in leading-order perturbative QCD calculations optimized such that the normalization of the next-to-leading order cross section is reproduced. Use of this optimal scale permits at least a partial implementation of next-to-leading order contributions in leading order Monte Carlo simulations. We provide next-to-leading order predictions of the production cross sections for pairs of supersymmetric particles at the hadronic center-of-mass energy 2 TeV.
I. INTRODUCTION
The possibility of supersymmetry (SUSY) at the electroweak scale and the ongoing search for the Standard Model (SM) Higgs boson constitute two major and related aspects of the motivation for the Tevatron upgrade currently under construction at Fermilab. The increase in the center-of-mass energy to 2 TeV and the luminosity to an expected 2 fb −1 , together with detector improvements, should permit discovery or exclusion of supersymmetric partners of the standard model particles up to much higher masses than at present. A hadron collider like the Tevatron is particularly well suited for the production of strongly interacting sparticles, squarks and gluinos, among which the light stop eigenstate is expected to have the lowest mass value.
Experimental searches for supersymmetry rely heavily on Monte Carlo simulations of cross sections and event topologies. Two Monte Carlo generators in common use include SUSY processes; they are ISAJET [1] and SPYTHIA [2, 3] . Production cross sections may also be computed analytically from fixed-order quantum chromodynamics (QCD) perturbation theory. Calculations that include contributions through next-to-leading order (NLO) in QCD have been performed for the production of squarks and gluinos [4] , stops [5] , and more recently of sleptons [6] and neutralinos [7] . The cross sections can be calculated as functions of the sparticle masses and thus do not depend on a particular SUSY breaking mechanism.
Both the Monte Carlo approach and the fixed order approach have different advantages and limitations. Next-to-leading order perturbative calculations depend on very few parameters, e.g., the renormalization and factorization scales, and the dependence of the production cross sections on these parameters is reduced significantly in NLO with respect to leading order (LO). Therefore, the normalization of the cross section can be calculated quite reliably if one includes the NLO contributions. On the other hand, the existing next-to-leading order calculations provide predictions only for fully inclusive quantities, e.g., a differential cross section for production of a squark or a gluino, after integration over all other particles and variables in the final state. In addition, they do not include sparticle decays. This approach does not allow for event shape studies nor for experimental selections on missing energy or other variables associated with the produced sparticles or their decay products that are crucial if one wants to enhance the SUSY signal in the face of substantial backgrounds from Standard Model processes.
The natural strength of Monte Carlo simulations consists in the fact that they generate event configurations that resemble those observed in experimental detectors. Through their parton showers, these generators include, in the collinear approximation, contributions from all orders of perturbation theory. In addition, they incorporate phenomenological hadronization models, a simulation of particle decays, the possibility to implement experimental cuts, and event analysis tools. However, the hard-scattering matrix elements in these generators are accurate only to leading order in QCD, and, owing to the rather complex nature of infra-red singularity cancellation in higher orders of perturbation theory, it remains a difficult challenge to incorporate the full structure of NLO contributions successfully in Monte
Carlo simulations. The limitation to leading-order hard-scattering matrix elements leads to large uncertainties in the normalization of the cross section. The parton shower and hadronization models rely on tunable parameters, another source of uncertainties.
The aim of this paper is to improve the accuracy of the normalization of cross sections computed through Monte Carlo simulations. We introduce some aspects of the reliability and normalization of next-to-leading order calculations while preserving the flexibility and event shape versatility of Monte Carlo simulations. This goal can be approached in at least two ways, with different secondary consequences. The first method is simply to multiply the leading order cross section computed in the Monte Carlo simulation by an overall K-factor.
The second, the method we adopt and investigate, is to select a renormalization and factorization (hard) scale in the Monte Carlo LO calculation such that, with this choice of hard scale, the normalization of the Monte Carlo LO calculation agrees with that of the NLO perturbative calculation. The answer one obtains in both approaches will in general depend on which partonic subprocess one is considering and on the kinematics. However, only a change in the hard scale will affect both the hard matrix element and the initial-state and final-state parton shower radiation. A rescaling of the cross section by an overall K-factor will have no bearing on the parton shower radiation. A reduction in the hard scale leads generally to less evolution and less QCD radiation, and vice-versa, in the initial-and finalstate showering. A change of the hard scale will be reflected in the normalization of the cross section as well as in the event shape. We suggest that the approach we adopt is a more consistent combination of next-to-leading order and parton shower effects.
The outline of this paper is as follows: In Section 2, we briefly review the calculation of next-to-leading order hadronic cross sections for squark and for gluino production. In Section 3, we discuss the hard scale dependence at leading order and at next-to-leading order. Our main results are presented in Section 4. There we show the dependence of the optimal scale choices on the produced sparticle masses. A summary is given in Section 5.
II. SQUARK AND GLUINO PRODUCTION AT NEXT-TO-LEADING ORDER
We consider the pair production of strongly interacting supersymmetric particles in proton-antiproton scattering. The total cross section can be calculated as a function of the hadronic center-of-mass energy √ s H and the produced sparticle massm through the factorization theorem
We set √ s H = 2 TeV for Tevatron Run II conditions.
The parton densities f a,b p,p depend on the longitudinal light-cone momentum fractions
x a,b of the quarks and gluons in the proton and antiproton, respectively, as well as on the factorization scale M. We treat the gluon and the five light quark flavors as massless and use the CTEQ4M parametrization [8] throughout this paper. For the top quark, we assume a mass of 175 GeV and neglect its contribution to the parton densities.
The partonic cross sectionσ depends on the partonic center-of-mass energy x a x b s H , on the produced sparticle massm, and on the factorization scale M. It can be calculated in fixed order perturbative QCD by an expansion in the strong coupling strength
The renormalization scale is denoted µ. At leading order, the only dependence on µ arises in the strong coupling strength α s since only tree-level 2 → 2 processes are taken into account.
The partonic subprocesses that contribute at this stage are:
q +q, g + g −→t 1 +t 1 .
At next-to-leading order, both virtual loop diagrams and real emission diagrams contribute. The real emission contributions are integrated over the soft and collinear regions of the additional third parton. Through the renormalization procedure, logarithmic terms arising in the virtual diagrams partly cancel the leading order renormalization scale dependence. The collinear singularities in the real emission diagrams are absorbed into the parton densities, introducing logarithmic dependence on the factorization scale. Therefore, we also expect a reduced factorization scale dependence. A detailed presentation of the next-to-leading order calculation can be found in Refs. [4, 5] .
In this paper, all sparticle masses are set tõ
if not stated otherwise, with the exception of the light stop mass mt 1 = 153 GeV. The strong Yukawa coupling between the top quark, its supersymmetric partner, and the Higgs field leads to large mixing of the left-and right-handed stops and to at 1 (t 2 ) mass that is expected to lie below (above) the other squark masses. Therefore, we treat the light stop For the leading order results, the only change we make is to use the leading order hard matrix element. In this way, we are able to identify how much of the increase in cross section at next-to-leading order is due to the hard scattering matrix element. For the leading order results, one could also employ leading order definitions of all three components. It could be argued that our procedure might not be consistent philosophically. However, the difference is of next-to-leading order so that both determinations of the leading order cross section are equally consistent up to terms of O(α 3 s ). Of more importance to us is to study the effect of the next-to-leading order matrix element and not the well-known universal effects of the higher order terms in the parton densities or the coupling constant. In addition, the extraction of leading order parton densities is more uncertain, and some packages of parton densities (e.g., MRS [10] ) do not include a leading order option.
In the case of SUSY particle production, the next-to-leading order contributions are known to increase the production cross sections by 50 % and more. For the various channels we consider, the increase can be seen explicitly in Figs. 1-5. For example, in Fig. 1 we plot the total cross section for squark-antisquark production as a function of the squark mass. The next-to-leading order cross section (full curve) lies above the leading order cross section (dashed curve) by 59 %. This increase translates into a shift in the lower limit of the produced squark mass of 19 GeV. The cross sections for gluino pair production (Fig. 3) and the associated production of squarks and gluinos of equal mass (Fig. 4) are of similar magnitude, whereas the squark pair production (Fig. 2) and stop-antistop production (Fig. 5) cross sections are smaller by about an order of magnitude [4, 5] .
III. SCALE DEPENDENCE AT LEADING ORDER AND AT

NEXT-TO-LEADING ORDER
In this section, we study the dependence of the leading and next-to-leading order cross sections for squark and gluino production on the renormalization and factorization scales.
The cross section is expected to depend principally on the produced sparticle massm.
Therefore, we set the renormalization and factorization scales equal, µ = M ≡ Q, and calculate our results as a function of Q/m. In Figs. 7 and 8, we show the hard scale dependence of the cross sections for gluino pair production and associated production of a squark and gluino. In these plots, as in those for squark-squark and stop-antistop production, a scale variation of about ±18 % about a central value is observed in the values of the next-to-leading order cross sections, similar to that in Fig. 6 .
In the literature, two scale choices are sometimes preferred. We advocate neither of these, but we mention them to distinguish them from the phenomenologically-based range of scales that we suggest in Sec. IV be used in leading order calculations. The Principle of Minimal Sensitivity (PMS) scale is specified by [11] dσ NLO dQ (Q PMS ) = 0.
It has the advantage that in the neighborhood of Q PMS , a variation in the scale results in no change of the next-to-leading order (NLO) cross section. The Principle of Fastest Convergence (PFC) scale is defined by [12] σ NLO (Q PFC ) = σ LO (Q PFC ).
Its virtue is that the NLO correction is absent, and the perturbative series seems to converge rapidly. Although next-to-next-to-leading (NNLO) order terms might well spoil both, the prescriptions provide some guidance until these NNLO corrections are calculated.
The Principle of Minimal Sensitivity and the Principle of Fastest Convergence have been shown to be consistent with each other up to NNLO terms [13] . However, the Principle of Fastest Convergence answer depends on whether the leading order (LO) cross section is defined with LO expressions throughout or in the hard matrix element only. Due to the larger value of α s in the one-loop approximation, the first approach leads to a larger LO cross section. This alternative usually moves the PFC scale away from the PMS scale.
In Fig. 7 we present the total cross section for gluino pair production as a function of 
IV. OPTIMAL SCALE CHOICES
The aim of this section is to determine optimal scale choices to be used in leading order calculations of squark and gluino production at the Tevatron. If implemented in leading order Monte Carlo generators such as ISAJET [1] or SPYTHIA [2, 3] , these optimal scales will reproduce the size of the NLO cross section:
To illustrate our definition of optimal scale choices, we show in Fig. 8 The cross sections for the hadroproduction of squarks and gluinos depend strongly on the produced sparticle mass. We expect some sparticle mass dependence also in the optimal scale choices that reproduce the size of the next-to-leading order cross sections at leading
order. This dependence is demonstrated in Fig. 9 , where we plot the optimal scale choices for associated squark and gluino production as a function of the average squark and gluino mass (mq + mg)/2. For the central (full) curve, the NLO scale is chosen equal to the average squark and gluino mass. The dashed and dotted curves define the remaining uncertainty at NLO from a variation of 2Q NLO /(mq + mq) = [0.5; 2.0]. In this plot, we set mq = mg.
The three-dimensional Fig. 10 shows the optimal scale choices for the same process as a function of both the squark mass mq and the gluino mass mg. The dependence on mq and mg separately is much weaker than along the diagonal that represents the average squark and gluino mass (mq + mg)/2. This average would seem to be a preferable physical scale for the process instead of either of the two produced sparticle masses.
The squark mass dependence of the optimal scale choice for squark-antisquark and squark pair production is plotted in Figs. 11 and 12. For these processes, as well as for the associated production of squarks and gluinos, the dependence on parameters other than the produced sparticle mass is negligible. On the other hand, in the case of gluino pair production the optimal scale shows a large sensitivity in the region where mg = mq. The strong sensitivity is displayed in Figs. 13 and 14, where we set mq = 250 and 450 GeV, respectively. The sensitivity arises from the fact that the LO Born cross section decreases with increasing squark mass in the region of mg ∼ mq, whereas the NLO virtual and soft contributions increase. A strong variation of the relative size of the two contributions results in that region. Figure 15 shows the optimal scale choice for the same channel as a function of both the gluino mass mg and the squark mass mq. The large sensitivity is apparent along the diagonal where mg = mq.
The results for stop-antistop production are shown in Fig. 16 as a function of the stop mass mt 1 . In this case, dependence on the light squark and gluino masses is negligible again.
For ease of implementation in Monte Carlo generators, we summarize our results in Table   I . For the five different production channels we provide optimal values of the scale to be used in LO calculations in order to reproduce the values of the NLO cross sections obtained at three different values of the hard scale in the next-to-leading order calculations. It is evident that one cannot adopt a single preferred LO scale for any one of the subprocess nor a single next-to-leading order scale, independent of sparticle mass, unless one is prepared to bias the cross section. The principal variation one sees is due to the dominant dependence of the cross sections on the produced sparticle mass, and the optimal scale generally decreases with increasing sparticle mass.
V. SUMMARY
In this paper, we present next-to-leading order cross sections for squark and gluino production at a center-of-mass energy of √ s H = 2 TeV. The hard scale dependence of the cross section at leading order in perturbative QCD is reduced at NLO but not entirely absent. For three choices of the scale used in the next-to-leading order calculations, we define optimal scales that can be used in leading order Monte Carlo simulations. If these optimal scales are used, the size of the next-to-leading order cross section is reproduced.
The values of the optimal scales depend mainly on the produced sparticle mass, with the exception of the case of gluino pair production where sensitivity in the region near mg = mq requires special attention. One may be tempted to use a single scale in all processes and for all masses, but the price is to bias the cross section determination. Our results allow one to select hard scales in LO calculations so that the resulting cross sections will reproduce a range of next-to-leading order cross sections, from optimistic to pessimistic values.
In this paper, cross sections are for inclusive yields, integrated over all transverse momenta and rapidities. In the search for supersymmetric states, a selection on transverse momentum will normally be applied in order to improve the signal to background conditions. Our analysis can also be carried out with similar selections. A tabulation of cross sections for various squark and gluino masses is available upon request.
There is little doubt that the reliability of Monte Carlo codes is an important issue. 
